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] NTROD UCTION 

The simplest and most direct way of breeding farm animals is by mass sclecfiion, that is, 
by choosing breeding stock purely on the basis of their own phenotypc and mating the 
chosen animals at random. In dairy cattle the value of this practice is reduced, since such 
selection cannot be practised on males. I t  has therefore been suggested that the bull 
should be judged on the performance of his progeny in order to make up for the fact that 
he has no measm'able phenotype himself. In this way progress would be hastened. The 
advocates of this view can point to evidence in historical documents and claim that the 
cattle of centuries ago were not greatly different from our own in milk yield, which argues 
the inefficiency of any mass selection which may have taken place since then. However, 
such evidence, though interesting historically, does not carry much scientific weight; and 
it seems desirable to exa,minc the me~hod of m~,~s selection, first, from the theoretical point 
of view in order to estimate i~s effect under the most favourable circumstances and, 
secondly, from the practical aspect in considering how much selection is actually practised 
in herds and how much genetic gain can be expected therefrom. 

PI~EVIOUS ESTIMATES OF GENETIC GAIN FOR DAIRY :KERDS 

It is obvious that the direct observation of the variation of the average yield of a herd gives 
li~le indication of the genetic improvement achieved. There are many reasons why the 
yield of a herd should increase with t ime--the owner will increase his skill at managing his 
herd with practice, and there has been a great improvement in methods of feeding dairy 
cattle since the 1920's. In the reverse direction, there is the influence of two wars to be 
reckoned with, and the recovery from these provides two further periods of general 
increase in milk yields. 

At first sight it would seem possible to measure the effect of such extraneous changes on 
yields by considering the yield of the same cow in successive years. After subtracting 
environmental trends so determined from the total, the genetic changes are left. This 
method is used by L5rtscher (].937) and with shghtly more Sol?his~icated statistics by 
NelsOn (1943). There is, however, a logical error in this approach which vitiates the 
conclusions ch'awn. The records of the same cows in successive years will vary systematically 
for two reasons: first, changes in management whose effect we wish to evaluate, and 
secondly, increase in age of the cow. Before comparison of records ill successive years is 
made, therefore, all yields must be reduced to their equivalent at a standard age. To do 
this, correction factors must be used; if these are calculated from the data provided by the 
herd under review, they will include the changes due to either environmental or genetic 
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trends. Suppose, for example, feeding is being steadily improved and yields are rising for 
this reason; suppose also tha~ yields are rising because of selection leading to genetic gMns; 
we shall then have the pict~re given in Fig. 1. 

Ill the figure, the position is simplified by  considering only two lactations. Poin~ A is 
the level of ill'St lactations in year O, and B is the level of second lactations of the same 
cows in year t .  The genetic and management levels are assumed to be improving at  tile 
rate of g and 'm per year. BE is the apparent  age increase, which is, in fact, made up of 
the true age effect a and the management improvement m. The first lactations in year 1 
will be at  the point C. We can actually measure the increase in yield of a given cow 
with time, a + m, and[ the increase in ~he mean yield of the herd, g +'m. I f  we calculate the 
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age correction factor from a + m, assuming it  is equal to a, then when the conversion to 
standard )deld is made both m and a are taken out, leaving no apparent  effect of environ- 
ment. If, on the other hand, the factor is ealculat, ed b y  comparing first and second 
lactations made in the same year a slope corresponding to a - g  is being measured, and the 
correction is then reduced by the ammmt of any genetic trend, so tha t  the environmental 
effect is made to include the genetic. In this case, the effects of selection must be allowed 
for. Algebraically we can say that  g + m  and m + a  can be measured, from which we can 
deduce a - g ,  which can also be estimated without f~'st knowing g + m and m + a, but  none 
of the three entities can be known separately. 

Correction factors may be taken from estimates made in. other herds. These will have 
against them ~he objection already outlined and also doubt as to their suitability. The 
effect of age on. yield is not independent of management. A cow which is matm'ed early by 
heavy feeding will not show as marked an age effect as a cow reared on a lower plane of 
nutrition (Bonnier, I-Iansson & Skjervold, 1948), so tha t  corrcct ionGetors  mustlbe fitted 
to the management  of the herd in question if they are to be appropriate. If, for instance, 
we have a quick-maturing herd, either for genetic or management reasons, use of corrections 
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derived from slower-maturing animals in this method will suggest that management is 
getting worse (cows' corrected first records will be above the true value), and consequently 
the genetic level improving, even though there is really no change in either. I t  may be said 
that such errors will be small, but the age effect is large compared with the other effects, and 
any errors in its estimation will be cumulative. Suppose the factor converting first to second 
lacgat, ion is 0.005 too high, then first lactations when converted will be 0.5 ~ higher than 
second (other things being equal), the environment will appear to be deteriorating at 
0.5% per year, and the genetic level will be correspondingly increased. Since the actual 
trends are of the order of 0.75 % per year, errors of this size are of some importance, and 
are likely to be exceeded in most estimates in practice. 

It mns~ be concluded that such indirect estimates of the genetic gains under selection 
are useless. The alternative is to estimate the genetic gains directly from the selection 
applied. This is the method used here. 

IMPROVEMENT TO BE EXPECTED FROM DIRECT SELECTION UNDEI~ OPTIMUM CONDITIONS 

The application of fihe principles of genetics to the problems arising in breeding farm 
animals for economical production are of comparatively recent origin. They are based on 
the theoretical considerations of Wright, Fisher and ttaldane. The detailed application of 
their findings to animal breeding has been mostly due to Lush and his co-workers. The 
general principles of this new approach are given by Lush in his book Animal Breedin 9 
Pla~zs. The basic concept, that of 'heritability', is a statistical one, relating the phenotype 
of an animal to its genotypic value. In its narrow sense, as we shall appty it here to 
individuals, it can be defined as the regression of genotypie value on phenotype. T.he 
heritability of milk yield based on one lactation only is 0.25 in cows, and it is this value 
we shall use here. Values close to this have been obtained in many investigations, both in 
America and this country. The statement that the heritability of milk yield is one-quarter, 
put in non-statistical language, means that the difference in the breeding value of any two 
cows is, on the average, one-quarter of the difference between their records. 

The expression for the estimated rate of genetic improvement for a known selection 
method has been given by Dickerson & Hazel (1944-) in their paper on the progeny test. 
It  may be desirable here to give a derivation of this expression as applied to ore" particular 
case. 

The process of breeding and selection may be envisaged as follows. Young animals 
(heifers and young bulls) are taken into the breeding herd on the basis of their parents' 
performance and may themselves be regarded as the potential parents of the next, 
generation. The decision as to which of these animals actually will pass their genes on 
is made on the basis of some measurement of their own genotype--by own performance 
in cows and by progeny tests in. butls. Genes may be transmitted to the next generat~ion 
in four ways, which may be represented diagrammatically as follows: 
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Owing to the smMler mmlber of m~Ies required, Ic, • wilt necessarily be greater ~han 
l eo  and so on. In addition some of the classes of actual parents are mutually inclusive. 
For instance, a heifer calf from a cow of group 3 would be taken into the herd bu t  not 
a bull calf iu a cow of group ~t. 

The average rate of improvement may  be obtained as follows. Let  B and C be the 
mean genetic level o f  young animals born in a given year and taken into the breeding 
herd as potential  parents. Then if AG is the genetic improvement  per year, the mean 
genotype of sires of such bulls is B-LI~)AG+I~ ,~s  and of dams of such bulls 
6 ' - L o l  ~ AG + I ce  , so that  we have an equation 

B = �89 (B - LBB AG + IBB + 6'-- Lol 3 AG + Ic@, 

and similarly C = -~- (B - L~ e AG + lj j  c + C " Z o o  AG + Ico  ) . 

On adding the two equations, B and C vanish and we are left with 

Z [  
A G = - -  

ZL" 

This gives the rate of genetic improvement  to be expected ti'om a selection programme 
in terms of the selection differentials and the generation lengths. In  our case IBB and IBc 
are zero, since there is no selection amongst bNls. 

The phenotype selection differential I p  measures the difference between the mean 
of the parents and t h e  mean of all animals of the same sex in the population from 
which ~hey were drawn. To Convert ~his into a gene~ic measm'e, we must  multiply by  the 
heritabiHty h 2. Then 

I s  = Iph~. 

I f  we assume tha t  the phenotype is distributed normally, then we can express Ip  as 
spa, where g is the superiority in terms of standard deviations and is obtainable in terms 
of the proportion selected, from tables (Pearson, 1931; trisher & Yates, 1938), and ~p is 
the phenotypic Standard deviation. BUt also 

o" a = [~crp, 

where ge is the standard deviation of genotypic value. 

Thus I s = ~h2(Tp 

The latter is the most convenient form, as for a given proportion selected the only 
variable is h. 

Let  us consider a herd of about 100 cows into which no breeding stock is introduced and 
in which there is no progeny testing and bulls are chosen solely on the milk records of 
their dam. The selection is being practised only in choosing cows to breed from. I t  is 
therefore necessary to calculate the possible selection differential in selecting cows to breed 
cows and selecting cows to breed bulls. As far as the former is concerned, let the pro- 
portion of cows in the first lactation be f l ,  and so on, and let the natural  mortal i ty rates 
be 1/6 in 6he first three laetaglons and 1/3 for the fourth and after. Assume that  we select on 
the first lactation only and reject all calves born from cows tha t  are themselves culled. 
Let ~. be the number of mature heifers produced per cow in ~he herd per year. 
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Then the replacements available =~ (f2 +f2 +fa +f.l +...),  the first f2 being calves born 
to cows, subsequently accepted into the herd, in the first lactation. Then 

f~=~ (2f2 +fa +f~ + ...). 
But we know from the mortality figures that at equilibrium 

f 3 _ _ 5  ." ." _ _ 5  -. �9 2 �9 - 

so that the later proporbions can be expressed in terms off~, giving 

f l  =~ x 4-'916/2. 

Of thisf~, one-sixth will die during the first lactation leaving ~ (c~ x 4.916f~), from which 
ft. are to be selected. 

4-.09%r 1 0"244 
The percentage culledis then ,i.097c,. = 1 - - - . 0 r  An accurate value of cr is not 

available, but it may be assumed to lie between 0.35 and 0.40. This gives for percentage 
culled 39.0 and 30.3 respectively. 

For milk yield, we may assume that ~t,=0.20t -~ and ao=0.10Y, where Y is the average 
yield of the herd. Then the expected genetic superiority of the selected cows above their 
contemporaries will be 0.032Y and 0.024Y respectively. Calculation assuming culling at 
the end of the second lactation shows roughly the same results as on the first. 

We may assume that the bulls are bred from the top 5 % of the herd (Lush, 1946, p. 147). 
The genetic superiority of their dams would then be 0.103 Y. Assuming a sum of generation 
lengths of about 13 years, which seems to be about the minimum possible, we have for the 
expected genetic improvement 

AG=0"135Y=0.01017 if ~=0.~ 
13 

and AG=0.009Y for ~=0.35. 

Thus, ~mder the optimum conditions for mass selection the expected rate is 1-0 % per 
year. Of this, about one-quarter comes from the early culling of heifers and the rest from 
the selection of the dams of bulls. 

T H E  E S T I M A T I N G  O F  G E N E T I C  I ~ { P R O V E i ~ I E N T  F R O M  T H E  S E L E C T I O N  P R A C T I S E D  I N  A H E R D  

Just as the rate of genetic improvement was estimated •'om the calculated superiority 
of parents over their contemporaries in the previous section, an estimation of the actual 
rate of genetic improvement in a herd can be obtained from the selection actually practised. 
Records of a herd founded in 1903 which is still in existence have been kindly made 
available to us. Although some breeding stock has been introduced during that time, about 
two-thirds of the animals born up to 1933 were sired by home-bred bulls. Thus it is possible 
to calculated the selection actually practised both in breeding cows and bulls. Selection 
was not all done at a given age as in m~r theoretical example, but there was a continual 
selection at all ages. The ammmt of selection was calculated as follows. 

The records had, for other purposes, been divided into seven groups of sixty cows, the 
cows in each group being contemporaries. A calculation was therefore made within each 
group of the first lactation records of all cows having daughters in the milking herd, 
weighted according to the number of such daughters. This was compared with the average 
of all first lactations in the group. This gives the '  apparent' phenotypic selection differential 
as measured on first lactation and, on multiplying by 0.25, gives the 'apparent'  genotypic 
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selection differential as shown in Table 1. This, however, does not represent the true 
selection differential if there has been selection in later lactations. Column 1 shows the 
actual amount  of culling on first lactation as measm'cd by the difference between the first 
lactations of animals which also had a second, and the whole group. The lack of corre- 
spondence between the two eolunms is a reflexion of the degree to which parenthood was 
independent of culling. Animals culled after their first lactation frequently left daughters 
in the herd and are therefore part  of the selected breeding stock, whereas animals kePt in 
the herd did not all have daughters. I f  all the selection was actually on the first lactation, 
then column 2 should be one:quarter of column 1. The fact tha t  it  is more than one- 
quarter indicates tha t  some culling had also gone on in later lactations. The genetic im- 
provement can then better be calculated on all the records available. The heritability then 
becomes dependent on the number of records, and the formula for genetic superiority is 

Ioc  = Enh~'~ ( Yz- Y), 

Table 1. Estimation of selection differential f~'om culling practised 
G e n e t i c  s u p e r i o r i t y  o f  d a m s  

Cul l ing  , ~ ~ No.  o f  
on  1s t  l~ch~tion* :Based on 1s t  h~ct. :Based on ] s t ~ t h  l~ct .  d a u g h t e r s  

reriod (gM.) (g,M.) (gal.) in herd 
1 + 6 ' 4  + 6 '1 -I- 8 '5  67 
2 - 7.2 + 2.0 - 3.5 44  
3 + 19.5 + 3.5 + 6.fi 54 
4 + 2.7 + 9.7 + 16.2 30 
5 + 3 8 . 9  + 0 . 7  + 2 . 0  19 
6 + 3 4 . 0  + 10.3 + 17.6 24 
7 + 35 '0  - 1 '4 - 2.3 37 

T o t a l  + 16.0 + 4.8 + 6.3 275 

* M e a n s  o f  1s t  l a c t a t i o n s  o f  cows  h a v i n g  21~d l a c t a t i o n s  - m e a n  o f  al l  1s t  l a c t a t i o n s .  

Table 2..Selection differential on dams of bulls 
E s t i m a t e d  g e n e t i c  

s u p e r i o r i t y  o f  d a m s  
(based  o n  l s t - 4 t h  l ac ta t ions}  No. of  No. of 

(gM.) bul ls  d a u g h t e r s  

T o t a l  + 38 '  1 67 289 
B~fll AQ + 101.4  1 65 
T o t a l  less AQ + 17.5 66 224  

where h~l is heritability based on I lactations, Y is the mean of the first lactations of the 
whole group, Y~ is the mean of the lactations (corrected to first lactation) and n the 
number of daughters for each cow. Column 3 shows the values of Ivc ,  thus calculated, for 
each of the groups. The average value shows an increase of about one-third over tha t  
calculated on first lactations only. This value for I ce  should be compared with tha t  
theoretically possible as calculated above, which was, depending on the value of n, around 
2.5-3 % of the herd average. This gives in this herd, where Y is 450 gal., a possible 
superiority of 12-14 gal. The fact tha t  the actual figure is below this is due to many reasons 
--involuntary culling as, for example, for reactions to the tuberculin test, played some 
part, and in some stages selection was inefficient in the sense tha t  a cow was culled after 
her first lactation, but nevertheless her heifer calf came into the herd. 

In a similar way, the improvement due to selection of dams of bulls can be calculated. 
In this case each dam was weighted according to the number Of daughters which her son 
had in the herd, as this varied considerably. This estimate is very uncertain, as one bull 
from an outstanding dam had sixty-five daughters in the herd. Exclusion of him from the 
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calculation reduces lob from 33 to 17. The results are shown in Table 2 and are calculated 
on all the available records of the dam. Using the figure for IoB which includes the bull 
AQ, we~ave a value of/[r of 44'1 gal. 

The generation lengths were also calculated for the herd with the following results: 

LBB 34 months 

L~o 36 months 

LOB 44 months 

Leo 47 months 

giving a total for EL of 13�89 years, and an estimate for the genetic improvement per year 
of Aff--4-4.1/13"5 = 3.3 gal./year. 

The generation interval is exceptionally short. Lush has estimated the mean generation 
interval (i.e. �88 in dairy cattle at 4-4~: years. An approximate cheek on British herd 
books gave an estimate of EL for Friesians and Shorthorns of 18.4 and 19.1 years 
respectively. 

This estimate of the rate of genetic improvement of the herd has several snags. The 
first and most obvious one is in the applicability O f heritability data derived from other 
herds and breeds of cattle to this particular herd. An estimate of heritability within the 
herd itself is in agreement with the figure used, but the standard error of the estimate is 
fairly large. Another source of error is in the sampling error of the estimate, both statistical 
and Mendelian. The value of the method lies not so much in the absolute value of the 
advance calculated as in the comparison of it with the optimum possible advance. In 
this case we have a value of Iao of 6.3 gal. compared with a possible of 12-14 gal. and of 
IOB of g8 gal. compared with a possible of 50 gal. 

Discussion 

The maximum possible rate of genetic improvement in a closed herd would seem to be of 
the order of 1 ~ of the average yield per year. In the herd whose records have been 
analysed, the probable improvement achieved by selection is 0.7 ~ per year, although the 
actusJ value could vary between fairly wide limits. The rate of improvement in normal 
pedigree herds would be expected to be less than this for several reasons: 

(a)~ The rate of improvement depends on the mean generation length, which in the herd 
in question was just over 3 years. An examination of the Shorthorn and Friesian herd 
books shows that in those breeds the mean generation length was over 4�89 years. This would 
reduce the maximum improvement expected to about 0.6 ~ per year. 

(b) Most herds are not closed and bulls are brought in. Knowledge of their breeding 
value would be less accurate than if they were home-bred, e.g. the management factor is 
not so well known. 

(c) i Selection will also be practised for other factors, e.g. type and butterfat percentage. 
This will reduce the selection differential on yield. 

All these factors will reduce the rate of genetic improvement of breeds taken as a 
whole. 

Practically all of the improvement expected comes from the selection of dams of bulls-- 
only one-quarter comes from the selection of dams of cows. The contribution on the latter 
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side could be improved by anything which would increase the average nmnber of heifer 
calves born in the lifetime of a cow. Amongst  these would be: 

(a) Increased longevity, although this would also increase the mean generation length. 
(b) Sex determination, giving a larger selection differential in producing replacements. 
(c) Superovulation and transplantation of' ova of good cows into host cows with 

essentially ~he same effect as (b). 
"There is no immediate prospect of either" (b) or (c) bei~lg applied commercially on a large 

scale. 
I t  is often argued that  the selection for productivi ty alone is liable to decrease the vigour 

and longevity of the animals produced. The evidence at present available on this point 
suggests tha t  although there may be some such negative relationship between yield and 
longevity, it is not of very great effect. In  addition, the cows are being naturally selected for 
longevity, in tha t  after the first selection they are kept in the herd as Jong as they will live. 

Progeny testing has been suggested as a method of increasing the rate of improvement.  
I t  has been shown (Diekerson & Hazel, 19,t4) that in a closed herd of 120 cows, it does not 
represent a useful method, as the increase in generation length more than offsets the 
selection differential. However, the use of artificial insemination in connexion wiih 
progeny testing makes it much more effective, and in a paper to be published shortly it 
will be shown tha t  with a unit of size 2000 cows, it should be possible to obtain a 
rate of genetic improvement of about 1.8 % of the average yield per year. 

SUMMARY 

1. Methods of estimating the rate of genetic gain achieved in animal improvement are 
discussed and criticized. 

2. A theoretical method of estimation of the maximum possible genetic gain of milk 
yield under direct selection is presented for a closed herd of dairy cattle. The maximum 
possible gain is approximately 1% of the average yield. 

3. The method can also be used for the estimation of genetic gain from the selection 
practised in an actual herd. An estimated gain of milk yield of 0-7% per year is given 
for one herd. 

We should like to take this opportuni ty of thanking the owner of the herd used in this 
discussion for giving us access to the records over a very long period. 
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